Abstract. This paper presents a numerical study of incompressible laminar natural convection in entrance region of two dimensional vertical and inclined channels using regularized lattice Boltzmann Bhatnaghar-Gross-Krook method. Individual distribution functions with lattice types D2Q9 and D2Q5 are considered to solve fluid flow and thermal fields, respectively. Rayleigh number and inclination angle are varied from 10 2 to 10 6 and 0 to 60°, respectively. Distribution functions are introduced to mimic Bernoulli's equation for calculating pressure at the inlet. Predicted Nusselt numbers are compared with Nusselt numbers correlation. Averaged Nusselt numbers compare well with Nusselt number correlation of Bar-Cohen & Rohsenow.
Introduction
Heat convection is one of the highly recognized heat transfer mechanism in heat transfer engineering. Due to its wide variety of applications in electronic cooling, heat convection in channels has gained greater attention [1] . Traditionally, numerical methods such as finite difference, finite element, and finite volume etc., are used to solve heat convection problems. From two decades, a new numerical method called lattice Boltzmann method (LBM) has also been used to simulate wide variety of natural convection problems [2] [3] [4] [5] . LBM in conjunction with BhatnagharGross-Krook single relaxation collision operator (LBGK) is widely used to simulate dynamics of mesoscopic fluid flow system through fictitious particles collision and normalization to equilibrium state. Under a low Mach number assumption, Chapman-Enskog analysis of LB equation associates moments of equilibrium particles to physical (macroscopic) fluid flow variables, such as density, velocity, temperature, etc., in Navier-Stokes equations. Various thermal LBGK models are proposed that are simple and stable for simulation of passive temperature field of incompressible flows. In these models, a independent energy density distribution functions is used to simulate temperature field. Several researchers have used the passive scalar LBGK models to study heat convection [2] [3] [4] [5] .
In the literature, most of thermal flow studies have applied or tested thermal LBGK model to simulate natural convection in enclosures [2] , cavities [3] [4] , annulus [5] space at large. However, to the knowledge of the authors natural convection in channels involving pressure inlet and outlet boundary condition concurrently are not investigated. Therefore the objective of this study is to study laminar natural convection in channels. More specifically, the aim of this paper is to study incompressible laminar natural convection in 2D channels using RLBGK [6] and passive scalar thermal LBGK method for wide range of Rayleigh numbers, in conjunction with recently proposed fluid flow [6] and thermal [7] boundary conditions.
Methodology
Incompressible LBGK model proposed by He & Lou [8] is adopted here. In LBM space is discretized into uniform lattice size of and velocity is discretized into finite number of velocities to form particle distribution functions . The LBGK evolution equation is as follows. ,
is the BGK collision operator which defines particle interaction on lattice sites. is represents body force. Flow dynamics evolve through series of collision and streaming of particle distribution functions. During each time step before collision, particle distribution functions are regularized following the method in ref [6] . Macroscopic variables of the flow are recovered by the moments of particle distribution functions as , and and equilibrium distribution function is obtained by expansion of Maxwell-Boltzmann equation to second order and it reads as . Non-equilibrium stress tensors are needed during evolution and are calculated as D2Q9 lattice vectors and weights can be found in [6] . Link between moments of particle distribution functions and macroscopic fluid flow variables can be established through multi-scale Chapman-Enskog analysis of Eq. (1). In which zeroth order term of particle distribution function is equal to equilibrium distribution function and first order term of particle distribution function through regularization ( ) is related to momentum flux tensor at low Mach number [6] . Velocity, Mach number, pressure and Kinematic viscosity of the fluid are related to lattice variable as in Eq. (2).
, and
Energy transport equation for incompressible fluid flow is essentially a convective-diffusive equation of temperature [8] . Here passive scalar LBGK is used to simulate temperature field through energy density distribution functions. Details of the evolution equation for energy density distribution and related variables can be found in ref [7] . Boussinesq approximation is used to account for body force term in equation Eq. (1). Force term recommended by Gou et al [9] is used and it reads as in Eq. (4). where is the buoyancy force given as . Fig. 1a show the schematics of computational domain with corresponding orientation of particle distribution functions at the boundaries. At the outlet zero gauge pressure is assigned by setting mean density 1. Unlike in forced or mixed convection velocity at the inlet is not known priori. Moreover, in LBGK simulations velocity and pressure (density) are implicitly coupled. Usually in conventional numerical methods [10] , Bernoulli's equation is used to calculate unknown pressure.
Boundary conditions
In line with conventional numerical methods, pressure at the inlet is calculated from the evolving velocity field iteratively based on Bernoulli's equation and it reads as and . As mentioned earlier, LBM simulation involving pressure inlet boundary condition is unaddressed before. Set of distribution functions introduced here is for the first time. for all cases, no-slip velocity condition is assigned at walls. These macroscopic boundary conditions are casted into regularized particle distribution functions following the procedure of Latt et al [6] . For all cases, at the inlet uniform temperature profile is assigned. Temperature at the outlet is extrapolated from neighboring nodes using second order scheme. While at walls, temperature is set to a constant value to match the required Rayleigh number. These macroscopic boundary conditions are translated into regularized energy density distribution functions following the procedure of Haung et al [7] . 
Results and Discussion
Rayleigh number ( ), Ra is varied from 10 2 to 10 6 . Channel height and inlet temperature is chosen as reference length and temperature respectivley. Velocity and temperature are normalized as in ref [1] and Nusselt number is based on inlet temperature. Angle of inclination 'Ø' is the angle between the channel axis and the gravity vector. Three inclination angles 0, 30 and 60 ° are considered in the study. Aspect ratio (channel length to height) of the channel is five. For validation of results, finite volume code Fluent [10] is used to simulate equivalent macroscopic natural convection in channels. For grid dependency test laminar force convection in a channel is considered. Reynolds number, Re is set to 100. Three grids are considered namely, grid-1 (81 × 401), grid-2 (101 × 501) and grid-3 (121 × 601). Fig. 1b show the velocity from different grids. Comparison of from different grids reveals that grid-2 resolution is sufficient for obtaining accurate results. For sake of brevity results for Ra = 10 6 is presented only. Fig. 2 shows the normalized velocity and temperature profiles for Ra = 10 6 in vertical and inclined channel at location-A and location-B (see Figure 1) . At location-A, magnitude of velocity and temperature increases asymptotically with increase in Ø , especially in the downstream region of the channel that can be seen in Fig. 2a and 2b respectivley. At cross stream location-B, velocity magnitude is high near the walls and low at the core of the channel this is because of counter action Applied Mechanics and Materials Vol. 307of bouyancy force. For inclined channels, velocity magnitude near the left wall decrease with increase in Ra number that can be seen in Fig. 2c, again showing the effect of bouyancy. From Fig.  2d , it can seen that temperature gradient at the right walls increases with increase in Ø. Velocity and temperature profile obtained from Fluent code [10] is overlayed on results of present study using symbols in Fig. 2 . It can be seen that results are very close for all cases, except velocity profile for vertical chanel. Fig. 3a shows the local nusselt number for vertical channel. Nusselt number is found to increase with increase in Rayleigh number. This is because, as mentioned earlier, buoyancy force enhances the fluid momentum in near wall regions and hence high temperature gradients in the vicinity of the walls. Fig. 3b shows averaged Nusselt number for all cases. It can be seen that averaged nusselt number compare well with the Nusselt number correlation given by of Bar-Cohen & Rohsenow. 
Summary
Incompressible laminar natural convection in entrance region of 2D vertical and inclined channels is simulated using RLBGK and thermal LBGK method together with regularized boundary conditions. Predicted velocity and temperature match with velocity and temperature obtained from Fluent, and averaged Nusselt numbers compare well with correlation of Bar-Cohen & Rohsenow. RLBGK in conjunction with passive scalar thermal LBGK is a viable numerical method for simulating heat convection in 2D channels.
